One contribution of 13 to a theme issue 'Solving the puzzle of collective action through inter-individual differences: evidence from primates and humans'. Even when hunting in groups is mutually beneficial, it is unclear how communal hunts are initiated. If it is costly to be the only hunter, individuals should be reluctant to hunt unless others already are. We used 70 years of data from three communities to examine how male chimpanzees 'solve' this apparent collective action problem. The 'impact hunter' hypothesis proposes that group hunts are sometimes catalysed by certain individuals that hunt more readily than others. In two communities (Kasekela and Kanyawara), we identified a total of five males that exhibited high hunt participation rates for their age, and whose presence at an encounter with red colobus monkeys increased group hunting probability. Critically, these impact hunters were observed to hunt first more often than expected by chance. We argue that by hunting first, these males dilute prey defences and create opportunities for previously reluctant participants. This by-product mutualism can explain variation in group hunting rates within and between social groups. Hunting rates declined after the death of impact hunter FG in Kasekela and after impact hunter MS stopped hunting frequently in Kanyawara. There were no impact hunters in the third, smaller community (Mitumba), where, unlike the others, hunting probability increased with the number of females present at an encounter with prey.
Introduction
Understanding the causes and consequences of cooperation has long been a central research goal of economists [1] , behavioural ecologists [2] and anthropologists [3, 4] . We use 'cooperation' to describe cases in which at least two individuals act together in a way that increases their individual fitness relative to acting alone ( joint action for mutual benefit [5, 6] ). Cooperative hunting occurs in several taxa, including cetaceans [7, 8] , social carnivores [9] [10] [11] [12] , nonhuman primates [13, 14] , birds [15] and humans [16] . The immediate benefits of cooperative hunting come in many forms. During periods when prey is scarce, large groups of African lions (Panthera leo) achieve greater per capita meat intake than small groups do [17] . In African wild dogs (Lycaon pictus), chase distances decrease as group sizes increase [10] , resulting in more net energy per dog, even though smaller groups may actually acquire more kilograms of meat per hunt [18] . In cases when hunting in groups comes at a net caloric cost, a hunter may receive a benefit in a different 'currency', including rare micronutrients [19 -21] , or social favours such as grooming or coalitionary support ( [22] but see [23, 24] ).
Despite considerable research on the benefits of hunting in groups, few studies have explicitly addressed how such hunts are initiated. This is an important oversight, because even if communal hunting is ultimately beneficial to each participant, receipt of this pay-off is contingent on the behaviour of others. If the costs of being the only hunter are sufficiently high and participation by others is uncertain, then individuals should be reluctant to initiate a hunt. Thus, hunting in groups appears vulnerable to a collective action problem stemming from the fact that the costs are incurred by a subset of the group while the benefits are distributed more widely [1, 25] . This situation presents an opportunity for individuals to take advantage of others, either by not participating at all ('strong free-riding') or contributing less than their share ('weak free-riding') [26 -28] . In the case of cooperative hunting, the costs come from expending energy and encountering danger (from being attacked, or from falling) while chasing and confronting prey. Why initiate a hunt when others could do so instead?
We examine this question in chimpanzees (Pan troglodytes), which regularly engage in group hunts of red colobus monkeys (Procolobus spp.) wherever the two species are found together [14] . Chimpanzees live in large social groups (communities) that average 46.2 individuals (calculated from reference [29] ), and exhibit high fission-fusion dynamics [30] [31] [32] [33] , whereby community members are found in subgroups ('parties', hereafter) that frequently change in size and composition. Red colobus monkeys are medium-sized (approx. 7-12 kg [34] ), arboreal primates that live in groups averaging 36 individuals (range 9-82, calculated from reference [34] , appendix 3.2, using data from four major long-term chimpanzee study sites (Gombe National Park, Tanzania; Kanyawara (Kibale National Park, Uganda); Ngogo (Kibale); Taï Forest, Côte d'Ivoire). At Ngogo [35] and Taï [36] , chimpanzees may actively search for red colobus monkeys, while elsewhere encounters appear to occur by chance during routine activities (e.g. Kasekela (Gombe) [37] and Kanyawara; R. W. Wrangham, personal observations, 1987 Wrangham, personal observations, -2014 .
At all sites, upon encountering a troop of red colobus monkeys (interchanged with 'colobus', hereafter), the probability of a hunt occurring (and succeeding) increases with male chimpanzee party size [13, 14] . When a hunt occurs, many individuals (usually adult males) typically participate. Male colobus often cooperate to mob chimpanzee hunters [33, 36] , sometimes driving them to the ground [33] . Group hunts at East African sites (e.g. Kasekela, Kanyawara, Ngogo and Mahale Mountains National Park, Tanzania) are best described as simultaneous, individual efforts [21, [38] [39] [40] [41] . In one West African site (Taï), by contrast, Boesch & Boesch [36, 38, 42, 43] have reported that hunts are often highly collaborative. According to their collaboration hypothesis, chimpanzees adopt specific, differentiated roles during a hunt. 'Drivers' chase colobus prey past 'blockers' (that position themselves at critical escape routes without actively trying to capture prey), towards 'ambushers' and 'chasers' that ultimately make the kill. These descriptions imply that in order to maximize the probability that the group succeeds, some hunters behave in a way that reduces their own chances of capturing a monkey himself (a true 'team task' [44] ). A complex system of sharing reportedly ensures that those that make this immediate sacrifice are compensated for their efforts [36, 38, 42] . Such a system presumably requires advanced cognitive skills, including 'social knowledge of what other hunters see and are able to do, as well as knowledge of the specific way they are going to react to this knowledge' [42, p. 42] .
However, Gilby & Connor [45] argue that a simple by-product mutualism (in which an individual's selfish actions incidentally benefit others [46 -48] ) can explain group hunting dynamics at both East and West African chimpanzee sites, including Taï. In this conceptual model, each hunter seeks to catch a monkey, rather than acting to increase the probability that the group as a whole succeeds [44] . As more individuals hunt, prey defences become increasingly diluted, thus reducing hunting costs for every hunter. Also, as female and juvenile monkeys flee, there are more opportunities to make a kill in the ensuing chaos. This shift in the perceived costs and benefits of hunting should prompt initially reluctant chimpanzees to hunt. As chimpanzees react to the actions of prey (and predator) , what looks like a complex, coordinated division of labour may emerge [48] . Until it can be shown at Taï that a 'blocker' is not simply placing himself in a position where he is likely to capture a monkey that is fleeing from another hunter, we believe that the by-product mutualism framework cannot be rejected. Furthermore, the report that hunters at Taï frequently switch roles during hunts [42] is consistent with an 'every chimpanzee for himself' strategy. Hunters need only follow the simple rule, 'hunt when others are hunting', and via associative learning, develop an understanding that a fleeing monkey will change direction upon encountering another chimpanzee or a physical barrier. Such divisions of labour have been described among social predators such as African lions [49] , African wild dogs [18] , hyaenas (Crocuta crocuta) [50] , grey wolves (Canis lupus) [51] and fish (interspecies cooperation between giant moray eels (Gymnothorax javanicus) and groupers (Plectropomus pessuliferus) [52] ). Pending further tests of the collaboration hypothesis, therefore, we assume that group hunting of red colobus monkeys by chimpanzees can be explained by a by-product mutualism [21, 45, 53] .
Accounting for group hunts as examples of by-product mutualism does not solve the initiation problem. However, previous research has indicated a possible solution, which is compatible with a by-product mutualism explanation. The 'impact hunter' hypothesis proposes that individuals vary in hunting motivation, and that a few males are willing to hunt by themselves [21, 53] . While the source of this variation in hunting tendency is unknown, it promotes hunting by others. Specifically, 'impact hunters' attract the aggressive behaviour of adult male colobus aiming to deter predation. Once this happens, other chimpanzees find subsets of the colobus group that are relatively poorly defended, thereby taking advantage of more favourable odds that they themselves will make a kill. The impact hunter hypothesis has been supported by evidence that the presence of particular males at an encounter with colobus was positively associated with group hunting probability, even after controlling for male chimpanzee party size [21, 53] .
Theoretical support for this hypothesis comes from economic models of between-group competition that take into account individual variation in need, ability and participation costs [1, 54] . Such heterogeneity should lead to '"exploitation" of the great by the small' [1, p. 29] . Gavrilets [55] demonstrated that those who contribute the most towards production of collective goods (i.e. hunt initiators) are those (i) who are particularly skilled, or for whom (ii) the benefits are especially high or (iii) the costs relatively low. McAuliffe et al. [56] argue that the actions of such key individuals can explain puzzling cases of 'positive matching' in which individuals fail to reduce their contribution in response to increased cooperation by others.
Here, using several more years of data from two previously studied communities (Kanyawara, Kasekela) as well as rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20150005 14 years of data from a third, smaller community (Mitumba, at Gombe), we determine whether the positive association between group hunting probability and the presence of certain individuals still holds. We then identify which of these individuals also exhibit high hunting rates for their age, and classify them as impact hunters (explained in detail below). Then we test the following predictions for the first time: (i) impact hunters will initiate hunts more often than expected by chance; (ii) when they hunt, impact hunters will be more likely than males of the same age to make a kill; and (iii) community-level hunting rates will decrease when an impact hunter is no longer alive or active. Gombe National Park, located on the Eastern shore of Lake Tanganyika, is comprised of 35 km 2 of evergreen riverine forest, woodland and grassland [57] . In 1960, Goodall [33] began to habituate the Kasekela chimpanzee community, which ranges in the centre of the park. Since the early 1970s (when the animals were fully accustomed to observers), field assistants have conducted almost-daily full-day focal follows [58] of adult chimpanzees [33, 59] , using checksheets to systematically collect several types of data, including party composition, female sexual swelling size (0, 1/4, 1/2, 3/4, 1) and all encounters with colobus monkeys (when observed within approximately 50 m of the focal chimpanzee, regardless of any interest in hunting). They write a continuous narrative of the behaviour of the focal chimpanzee, and of conspicuous group-level activities such as hunting [39, 53, 59] . When a hunt occurs, they record the identity of all chimpanzees observed to chase, and capture, monkeys. In 1994, using the same research protocol [60] , field assistants began to follow chimpanzees in the smaller, neighbouring Mitumba community, which ranges in the northernmost regions of the park. The Mitumba chimpanzees were fully habituated to human observers by 2000.
Methods
The paper data from both communities are archived at the Jane Goodall Institute Research Center at Duke University. A relational database of information extracted from the checksheets and notes is maintained at Duke and at Arizona State University. The database also contains detailed demographic data. For every new infant, birthdate was estimated based on size and appearance. The earliest possible birthdate (BD Min [61] ) was set as the last date the mother had been seen before giving birth. The latest possible birthdate (BD Max ) was set as the first day the infant was seen. For all males born in Kasekela after 1962, the median difference between BD Max and BD Min was 7 days (n ¼ 79, mean ¼ 37, s.d. ¼ 96.9). There were seven males that were born before the study began and were alive in 1976 (the start of this study; see below). Their ages were estimated based on morphological characteristics and familial relationships, and for only one (HM) did the range of possible birthdates span more than 2 years. The others were all juveniles when the study began. In Mitumba, for males born after 1994, the median difference between BD Max and BD Min was also 7 days (n ¼ 13, mean ¼ 12. [39] ), adult females (13 years old) and sexually receptive ('swollen') females (swelling state ¼ 1) present at the beginning of each colobus encounter, +15 min. From the narrative notes, we identified all hunt attempts as those cases in which at least one chimpanzee (male or female) climbed in active pursuit of a monkey. Following Gilby et al. [39, 53] , we excluded cases in which there was not enough information in the notes to determine whether or not a hunter climbed, as the descriptive term 'hunt' occasionally refers to running along the ground, intently watching the prey. We noted the identity of the first chimpanzee to hunt in cases where the description was sufficiently detailed and unambiguous. Finally, we recorded the identity of all hunters and for successful hunts (when at least one monkey was killed), those that captured prey.
(ii) Kanyawara (Kibale National Park, Uganda)
Kibale National Park, in Southwestern Uganda, covers an area of 766 km 2 and consists of moist medium-altitude evergreen forest with areas of grassland, swamp and regenerating forest [62, 63] . The Kanyawara chimpanzee community ranges in the Northwest region of the park. Data on the Kanyawara chimpanzees have been systematically collected since 1987 by trained Ugandan field assistants. When a party is located, they record sexual swellings (on a three-point scale from 1 to 3, with 3 being maximally tumescent) for all females. In addition, every 15 min, the field assistants record party composition, and since 1996, whether colobus can be detected within 100 m of the chimpanzees. Detailed data of all other behaviour, including hunting, are recorded as they occur. At Kanyawara, hunt attempts are defined as instances when a chimpanzee climbs to the height of the lowest monkey (similar to Boesch & Boesch [43] ) and if one occurs, the field assistants spread out to ensure that they can observe the behaviour of as many individuals as possible. After a hunt, the field assistants, in consultation with each other and all other observers present, record information on an additional predation-specific checksheet.
The paper data from Kanyawara as well as a relational database of extracted information from the checksheets are maintained at Harvard University. From these records, we have identified all chimpanzee encounters with colobus (1996-August 2014) by querying the database for any 15 min scan when the chimpanzees were within 100 m of colobus that was not immediately preceded by another 'positive' colobus scan. We determined the number of adult males (12 years old), adult females (those who had been observed with a swelling of 3 on or before the observation date), and swollen females (swelling state ¼ 3) present at the first 15 min scan of each encounter. We matched every observed hunt attempt to an encounter and then used the predation checksheets to identify which chimpanzees hunted, who hunted first and who was successful in capturing and killing prey.
The Kanyawara database contains detailed demographic data on all individuals who have been identified as members of the community since 1988. When a new individual is born in the community, the birthdate is estimated based on the size of the individual and the date the mother was last seen without the infant. Of the 22 adult males included in this study, 10 were born after 1988 and their birthdates were estimated to between 1 day and 1 year. For the 12 individuals born before 1988, birthdates were estimated between 1 and 5 years based on their appearance and body condition. G.I. Basuta, who studied the Kanyawara community from 1983 to 1985, provided helpful advice for estimating the ages of these older males.
(b) Analyses
All statistical analyses were performed using R v. 
i) Identifying impact hunters
We classified as impact hunters those males (i) whose presence at an encounter with red colobus monkeys was associated with increased group hunting probability and (ii) who participated in hunts more often than expected for their age.
To identify factors affecting hunting probability, we ran separate generalized linear models (GLMs) on the colobus encounter data from each site. For each encounter, the model estimated the probability of a hunt attempt (Y/N) using a binomial error structure and a logit link function. We included three main effects: (i) number of adult male chimpanzees present ('male party size'), (ii) number of adult females present ('female party size') and (iii) the presence of at least one maximally swollen female (Y/N). Following precedents set by previous hunting studies [39, 40, 67] , we treated each encounter as an independent event, because it is unlikely that the characteristics (i.e. party composition, location, etc.) of any two encounters would be similar enough to warrant incorporation of a random effect term. We considered a main effect to be statistically significant if p , 0.05.
We then ran a series of GLMs to assess whether the presence of certain males increased the probability of a hunt occurring. Following [53] , we ran one GLM per adult male in each community, spanning the time when he was at least 12 years old until his death or the end of the study. As above, the response variable was hunt attempt (Y/N), and the model used a binomial error structure and logit link function. The main effects were those variables that were statistically significant in the above analysis (which differed by community), plus a single categorical predictor indicating that male's presence at particular encounter (Y/N). As each male experienced a unique set of encounters, we considered p-values less than 0.05 to be statistically significant, rather than apply a correction for multiple tests (following Gilby et al. [53] ). We classified males whose presence was significantly positively associated with group hunting probability as potential impact hunters. Then, to build upon previous work [21, 53] , which relied solely on this correlation, we identified which of these potential impact hunters hunted more frequently than males of the same age. To do so, we needed to understand how hunting probability varied with age. For these analyses, we restricted our datasets to only those hunt attempts for which hunters were clearly identified. Given the fast-paced nature of these events, some hunters may have been missed because they were out of sight or hunted only briefly. However, there was unlikely to be any systematic bias in these omissions. We ran the following analyses separately for each study community. For each male present at a hunt attempt, we asked whether his age was associated with the probability that he participated in the hunt. We ran a generalized linear mixed model (GLMM) with hunt (Y/N) as the dependent variable, age (in 5 year blocks, starting at age 6) as a categorical main effect, and with chimpanzee ID and colobus encounter ID as random effects, using a binomial error structure and a logit link function. Then, we calculated the observed hunting probability (number of hunt participations/number of hunt attempts present for) of each potential impact hunter in each age class. We considered a chimpanzee to be more likely to hunt than the average male of the same age if his observed hunting probability was greater than the predicted value (þ1 s.e. of the estimate) generated by the GLMM for a given age class.
(ii) Prediction 1: impact hunters will initiate hunts more often than expected by chance At Kanyawara, observers are explicitly instructed to record the identity of the first chimpanzee to hunt, when possible. For each impact hunter, we calculated the proportion of group hunt attempts when he hunted first ( provided that he hunted), grouping by the total number of hunters. We then used an exact paired Wilcoxon signed-ranks test to determine whether the actual values were greater than expected, using 1/X as the expected value, where X was the number of hunters. At Kasekela and Mitumba, observers are not specifically asked to record which chimpanzee hunts first. However, we were often able to extract this information from the narrative notes. Therefore, when possible, we calculated the proportion of hunt attempts (with a known first hunter) when a potential impact male hunted first, provided that he participated.
(iii) Prediction 2: when they hunt, impact hunters will be more likely to make a kill than expected for their age
One of the findings of Gavrilets' model [55] was that those who contribute the most towards production of collective goods should be particularly skilled. Therefore, we ran another GLMM to ask whether impact hunters have unusually high success rates. For each male that was named as a hunter at a given hunt attempt, we asked whether he captured a monkey (Y/N), with age category as a fixed effect and male ID and colobus encounter ID as random effects, using a binomial error structure and a logit link function. As above, we compared the actual kill probability of impact hunters to the predicted probability and standard error generated by the model for each age category.
(iv) Prediction 3: community-level hunting rates will decrease after an impact hunter dies or stops hunting at above average rates
For each impact hunter that died during the study period, we compared overall group hunting rates (hunt attempts/colobus encounters) during the 4 years preceding his death with the 4 years following his death. For one impact hunter who no longer showed unusually high hunting rates after age 31, we compared group hunting probability in the 4 years before and after his 31st birthday (see §3e(i)). To account for possible changes in gregariousness (which can affect hunting rates), we calculated this value for each male party size, then used an exact Wilcoxon signed-ranks test to compare rates before and after the impact hunter's death or decline.
Results
A summary of colobus encounters, hunt attempts and successful hunts is provided in (a) Group hunting probability
In all three communities, the number of adult male chimpanzees present at a colobus encounter was significantly positively associated with hunting probability (table 2) . At Kasekela, with all else equal (GLMM, see §2b(i)), the odds of hunting increased by 8% with each additional male, compared with much greater odds increases at Mitumba (72%) and Kanyawara (48% to be (at least partially) an artefact of the low number of males in this community. Indeed, when we re-ran the analyses for the other communities, using only encounters by parties with fewer than five males, the odds increases were greater (Kasekela: 28%, Kanyawara: 93%). At Mitumba, there was also a significant positive relationship between the number of adult females and hunting probability; all else equal, the odds of hunting increased 12% with each additional adult female (table 2) . There was no effect of adult females on hunting at the other sites, even when we restricted the dataset to encounters by parties with fewer than five males (Kanyawara: p ¼ 0.39; Kasekela: p ¼ 0.17). At Kanyawara, there was a significant negative relationship between swollen female presence and hunting probability. If at least one swollen female was present, the odds of hunting were 22% lower than if no swollen females were present (table 2) , all else equal. There was no association between the presence of swollen females and hunting in Mitumba or Kasekela. At Kanyawara, there were two adult males whose presence at a colobus encounter was strongly positively associated with the probability of a hunt occurring. Parties containing AJ hunted in 18.9% (157/830) of encounters, compared with only 2.3% (37/1594) when he was absent ( figure 1 and table 3 . AJ and MS were both roughly the same age, and were present together in the community until MS's death in 2010. We considered AJ and MS as potential impact males, pending additional analyses, described below. None of the other 21 Kanyawara males who reached adulthood before or during the study period (1996-2014) was associated with increased hunting probability.
Of the 35 males who reached adulthood before or during the study period (1976 -2013) in Kasekela, there were six (AO, FG, FR, PX, SL, ZS) whose presence at a colobus encounter was positively associated with hunting probability, after controlling for adult male party size (table 3) . At Mitumba, none of the six males was associated with increased hunting probability, after controlling for adult male and adult female party size. Given the significant association between female party size and hunting in this small population (see above), we also ran the same analyses for all adult females. Parties containing adult female EVA were more likely to hunt than those without her (estimate: 0.54, p ¼ 0.04, table 3). We considered the six Kasekela males and the one Mitumba female as potential impact hunters before analysis of their individual hunting rates, below.
(b) Individual hunting frequency (i) Kanyawara
Individual hunting probability by age followed an inverted U-shaped distribution (figure 2a), although there was considerable variation within each age class. Older males in every age category were more likely to hunt than 6-10-year-olds were (GLMM, all p-values , 0.0001). 21-25-year-old males were most likely to hunt (52% of hunt attempts at which they were present), although this was not significantly higher than At all ages for which there were data, AJ exhibited significantly higher (36 -52% greater) hunting probability than the average male in the same age class ( figure 2a, solid circles) . MS ( figure 2a , open triangles) exhibited higher hunting probability than the mean at ages 21-25 and 26 -30, but showed average rates at age 31 -35, suggesting a decline in hunting interest as a post-prime male. Therefore, we classified AJ as an impact hunter for all ages with data, and MS for ages 21-30 only. There are no data for either AJ or MS for age category 16-20 or younger, as colobus encounter data prior to 1996 are not available.
(ii) Kasekela
Similar to Kanyawara, 21-25-year-old Kasekela males had the highest hunting probability (figure 3a), but this value (0.3) was lower than at Kanyawara (0.52). Males in this age category were significantly more likely to hunt than males in all other age categories (all p , 0.003) except 16-20-year-olds ( p ¼ 0.20). The youngest (6-10) and oldest (36-40, 41þ) males were least likely to hunt. Again, similar to Kanyawara, 16-20-year-old males were equally likely to hunt as males up to 30 years old. After 30, there was a significant decline in hunting probability. By age 36, males hunted at the same rates as 6-10-year-olds.
Of the six potential impact hunters identified earlier, ZS, PX and SL never exhibited hunting probabilities that were greater Table 2 . GLMs of group hunting probability. In all three communities, there was a strong positive association between hunting probability and the number of adult males present at a red colobus encounter. At Mitumba, there was an additional positive effect of adult females on hunting likelihood. At Kanyawara, hunts were significantly less likely to occur if at least 1 swollen female was present. Bold italics indicate parameters that were statistically significant (p , 0.05). rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20150005 Table 3 . Summary of impact hunter analyses. For each chimpanzee listed, there was a significant, positive association between their presence at a colobus encounter and the probability that a hunt occurred. Bold italics type indicates those that consistently had above average hunting rates for their age and were therefore classified as impact hunters. rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20150005 than the age-specific value predicted by the GLM described above. However, FG, FR and AO did exhibit higher than expected hunting probabilities. As a 21-25-year-old, FG's hunting probability was 138% greater than the mean (figure 3a, open triangles). As a 26-to 30-year-old, it was 203% greater than the mean. There are no data for FG as a younger male, and he died at age 29. FR (figure 3a, closed circles), who was followed for his whole life, exhibited significantly higher hunting probability at all ages, ranging from 96% to 322% higher than the mean. AO (figure 3a, closed squares) exhibited probabilities higher than the mean as a prime-aged (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) and older (31-35) male, but not as a younger male. He died at age 34. We therefore classified FR as an impact hunter for his entire life, whereas AO was an impact hunter only in his prime. We do not know FG's early behaviour, but he was an impact hunter at the end of his life.
(iii) Mitumba
At Mitumba, there was little effect of age on male hunting probability. Six-to 10-year-old males were significantly less likely to hunt than 11-to 15-year-old males (GLMM, Z ¼ 2.188, p ¼ 0.03), which had the highest probability of hunting (0.15). However, there were no significant differences between hunting probabilities of 11-to 15-year-olds and males aged 21-25 (0.13) or 26-30 (0.11). Males aged 31-35 were significantly less likely to hunt (0.02) than other all age classes (all p , 0.02) except 6-to 10-year-olds ( p ¼ 0.30). There were only two hunts at which a male older than 36 was present; we excluded these data as the model did not converge. In sum, individual hunting probability was lower for males in Mitumba than Kasekela, but males reached peak hunting rates by 15 years old. There was very little variation in female hunting probability by age. With the exception of 26-to 30-year-olds, which had significantly lower hunting probability than all younger and older age classes (all p , 0.03), there were no significant differences among age classes (all p . 0.05). Overall, mean female hunting probability was 0.08 (range 0.03-0.11). Female EVA had an individual hunting probability of 0.13 at age 36-40, which fell within 1 s.e. of the expected value for similarly aged females. EVA was the only female in the sample who reached the 41þ age category. When he participated in a hunt, AJ was significantly more likely to be the first hunter than expected by chance, based on the number of other males that hunted (figure 4, exact Wilcoxon signed-ranks test,
The same was also true for MS (figure 4, n ¼ 8, V ¼ 34, p (twotailed) ¼ 0.016). Furthermore, in the cases when one of them did NOT hunt first, it was highly likely that this was because the other one did. For example, there were 48 encounters when both were present and AJ did not hunt first. MS hunted first in 23 (48%) of these cases. Similarly, AJ hunted first in 24 (49%) of the 49 cases in which they were both present and MS did not hunt first. Indeed, when both AJ and MS were present, the probability that one of them was the first hunter was higher than expected (expected value ¼ 2/X, where
(
ii) Kasekela
First hunter data have not yet been extracted from the narrative notes for the years when FG was alive. There were 46 hunts in which FR participated, multiple individuals hunted and the first hunter was clearly identified. FR was the first hunter in 40 (87%) of these cases. AO was the first hunter in 4 (31%) of the 13 hunts in which he was named as one of several hunters (and the first hunter was known).
(d) Prediction 2: when they hunt, impact hunters will be more likely to make a kill than expected for their age
No 6-to 10-year-old males at Kanyawara were observed to make a kill, and the GLMM would not converge when this age class was included in the model. After removing all 6-to 10-year-old males, we found that overall, individual hunting success increased with age, but there was considerable variation within each age class (figure 2b). Males in age classes older than 21-25 years were significantly more likely to make a kill than 11 -15- Neither AJ nor MS was more likely than expected to make a kill for any age class (figure 2b). When we re-ran the GLMM without including MS's data in calculations of the expected values, the observed probability that MS made a kill (0.6) at age 31-35 was greater than expected. This was not the case for AJ.
(ii) Kasekela
At Kasekela, the probability of making a kill followed an inverted-U-shaped function, peaking at age 21-25 (figure 3b). Males in this age category were more likely to make a kill than males in all other age classes (all p , 0.04) except 26-30 ( p ¼ 0.21) and 31-35 ( p ¼ 0.27). Six-to 10-year-old males were significantly less likely to make a kill than males in any other age class (GLMM, all p , 0.0003), except males older than 40 ( p ¼ 0.95). Similarly, kill probability by 11-15-yearolds was lower than that of all older age classes (all p , 0.00001) except males older than 40 ( p ¼ 0.35). 26-30-yearolds and 21-25-year-olds were more likely to make a kill than 16-20-year-olds (all p , 0.0009).
FR exhibited higher probability of success than expected at all ages except 31 -35 ( figure 3b, solid circles) . By contrast, FG's success probability was no higher than expected ( figure 3b, open triangles) . AO's probability of success was higher than expected in two age categories (6 -10, 26-30) , but not in the other 4 ( figure 3b, solid squares) .
(e) Prediction 3: community-level hunting rates will decrease after an impact hunter dies or stops hunting at above average rates (i) Kanyawara AJ died at the very end of the study, therefore we are unable to assess the effect of his death on hunting rates. MS died in 2010.
Hunting probabilities (hunt attempts/encounters) at each adult male party size were not significantly different in the 4 years following his death compared with the 4 previous years (exact Wilcoxon signed ranks test, n ¼ 13,
However, as MS's hunting rates were not unusually high between ages 31 and 35 (meaning that he was not an impact hunter during this period), we repeated this analysis, examining the 4-year period before and after MS's 31st birthday. In support of the prediction, we found that group hunting probability was significantly higher when MS was between the ages of 27 and 30 than when he was 31-34 (exact Wilcoxon signed ranks test, n ¼ 9, V ¼ 36, p ¼ 0.007).
(ii) Kasekela and FR both died in 2013, therefore we cannot yet determine the effect of their disappearance on hunting rates.
Discussion
This study highlights the importance of individual behavioural variation for catalysing cooperation. The results support the hypothesis that certain males initiate group hunts of colobus monkeys in two different chimpanzee communities. The 'impact hunter' hypothesis presents a more parsimonious alternative to the 'collaboration' hypothesis, which states that individuals engage in a 'team task' [44] in which some compromise their own chances of success for the sake of others'. We argue that group hunting by chimpanzees can be explained by a simple by-product mutualism in which each hunter is attempting to capture a monkey while his efforts incidentally improve the chances that other hunters will also succeed. Once a hunt begins, prey defense efforts are diluted, reducing hunting costs for other chimpanzees, and fleeing monkeys provide more opportunities for previously reluctant hunters to make a kill. Over 18 years at Kanyawara, there were two impact hunters, adult males AJ and MS, whose presence at an encounter with colobus monkeys was associated (independently, cf. [21] , which used a subset of the data in the present study) with an increased likelihood of hunting, regardless of party size. AJ participated in hunts more often than expected in all four age categories (ages 21-40) for which we had data. MS was more likely to hunt than the average male in his 20s, but not after age 31. Therefore, we did not classify MS as an impact hunter between age 31 and his death at 35. Over 37 years at Kasekela, there were six males whose presence was associated with increased hunting probability. We classified three of these males as impact hunters. FG and FR participated in hunts more frequently than similarly aged males over the whole period they were sampled (7 and 32 years, respectively). Because we had data on FG only in his prime (21-25 and 26-30 years old), it remains possible that his hunting rates had increased with age. AO's hunting proclivity developed in his prime-he hunted more than average between ages 21 and 35, but not as a younger male (ages [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Thus, some males (FR, possibly AJ) were impact hunters for their whole adult lives, while others (AO, MS and possibly FG) varied in their hunting tendencies over time. Interestingly, FR was the only impact hunter who exhibited above average kill rates, which he did in every age category. In contrast, FG, AO, AJ and MS typically succeeded at or below the mean rate for males of their age. This suggests that while FR may have been particularly motivated to hunt because he was especially skilled, other factors must explain why the other males exhibited high hunting rates. For AO at least, the unusual hunting drive did not develop until he was in his 20s.
The impact hunter hypothesis hinges on the notion that these individuals hunt first, thus changing the pay-off structure for all other potential hunters. The data from Kanyawara strongly support this prediction. Both AJ and MS were more likely to initiate hunts than expected by chance (based on the number of other hunters). Furthermore, when one of them failed to hunt first, it was often because the other did. At Kasekela, in the cases in which the first hunter was recorded and FR hunted, he was the first hunter 87% of the time.
The impact hunter and collaboration hypotheses are not mutually exclusive. It is theoretically possible that the impact hunters at Kasekela and Kanyawara catalyse hunts by driving prey toward 'ambushers', as has been described at Taï. Indeed, this might explain why AJ, MS, AO and FG did not demonstrate unusually high success rates. However, Boesch [38] reported that collaboration was rare among the Kasekela chimpanzees. Collaboration also seems to be unusual at Kanyawara (R.W. Wrangham, personal observations, 1987 Wrangham, personal observations, -2014 , Mahale [41] and Ngogo [40] . Boesch [38] attributes the high frequency of collaboration at Taï to the tall and uninterrupted forest canopy [36] , which makes it intrinsically more difficult to capture prey. This explanation is consistent with Packer and Ruttan's [9] mathematical model, which predicts that cooperative hunting is most likely to evolve when solitary hunting success rates are low relative to hunting in groups. However, Gilby & Connor [45] argue that even the kind of division of labour observed at Taï can be explained by a by-product mutualism in which each hunter takes advantage of the actions of others. Unless it can be shown that individuals are not simply attempting to maximize their own chances of success by reacting to the movements of predators and prey, then the impact hunter/by-product mutualism explanation appears sufficient to explain cooperative hunting across chimpanzee populations.
Our support for the impact hunter hypothesis has important implications for our understanding of variation in cooperative behaviour within and between populations. Gilby et al. [21] proposed that the existence of impact hunters may explain temporal variation in hunting frequency within communities. In line with this prediction, we found that in Kasekela, hunting rates dropped significantly after FG's death. This was not the case at Kanyawara, however, as MS's death had no effect on hunting rates. However, MS was not an impact hunter when he was between the ages of 31 and 35. When we took this into account, we found that community-level hunting rates did indeed decrease after his impact hunter status was downgraded. FR, AO and AJ all died near the end of the study period; future work will indicate whether their departures affected hunting rates.
Additionally, this study provides preliminary data to test the prediction that the existence of an impact hunter can explain variation in hunting frequency between sites [21] . At Mitumba, where no single individual emerged as an impact hunter, hunting probability was lower (0.48) than at Kasekela (0.67), even though colobus encounter rates were remarkably similar. However, several other social and ecological factors likely contribute to this modest difference, including forest structure. A demographic explanation is that the Mitumba chimpanzees hunt less because there are fewer males in that community than at Kasekela. The majority of chimpanzee hunting studies, including this one, demonstrate that hunting probability is strongly positively correlated with male party size (reviewed in [14] ).
Interestingly, our data indicate that females may be more active in hunts at Mitumba than at the other sites. Only at Mitumba did the number of females present at an encounter increase the likelihood of a hunt occurring. By re-running our models only on parties with fewer than five males at Kanyawara and Kasekela, we rejected the alternative explanation that this effect is only evident at Mitumba because of the paucity of males. Thus, increased participation by females may explain why hunting probability is still higher at Mitumba than at Kanyawara, even with less than half the number of males.
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For the first time at Kanyawara, we found that after controlling for male party size, a hunt was less likely to occur if one or more sexually receptive females was present. An earlier study using a subset of the same data found a negative trend [21] . This result adds to the growing body of data that are inconsistent with the short-term meat-for-sex hypothesis [24] , which proposes that chimpanzees hunt in order to provision sexually receptive females with meat in return for mating [68] . Instead, the negative association suggests that males forgo the chance for meat in favour of mate-guarding [24, 39] . However, in this study, there was no statistically significant effect of swollen females on hunting probability at either Mitumba or Kasekela. This is in contrast to Gilby et al. [39] , who found a similar negative relationship at Kasekela as we have now found at Kanyawara. Recent demographic changes (e.g. in the ratio of parous to nulliparous females or the number of cycling females) may explain this discrepancy. Nevertheless, over 37 years at Kasekela and 14 years at Mitumba, there was no evidence that the presence of swollen females increased hunting by males.
In sum, this study provides strong support from two chimpanzee communities that cooperative hunting can be explained by a simple by-product mutualism catalysed by the actions of certain impact hunters. Thus, individual variation in behaviour may explain how social species overcome the collective action problem they face before an ultimately mutually beneficial group-level behaviour is initiated. The biological and social underpinnings of such individual variation remain a fertile area for future research.
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